Pore-scale imaging of trapped supercritical carbon dioxide in sandstones and carbonates  by Andrew, Matthew et al.
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a  b  s  t  r  a  c  t
Geological  carbon  dioxide  storage  must  be  designed  such  that the  CO2 cannot  escape  from  the rock  for-
mation  into  which  it is  injected,  and  often  simple  stratigraphic  trapping  is insufﬁcient.  CO2 can  be  trapped
in  the  pore  space  as  droplets  surrounded  by  water  through  capillary  trapping.  X-ray  microtomography
was  used  to  image,  at  a  resolution  of  6.6  m,  the  pore-scale  arrangement  of these  droplets  in  three  car-
bonates  and two  sandstones.  The  pressures  and temperatures  in  the  pore  space  were  representative  of
typical  storage  formations,  while  chemical  equilibrium  was  maintained  between  the  CO2, brine  and  rockeywords:
arbon capture and storage
ore-scale
eservoir condition
-ray microtomography
phases  to replicate  conditions  far away  from  the  injection  site.  In  each  sample  substantial  amounts  of
CO2 were  trapped,  with  the  efﬁciency  of trapping  being  insensitive  to  pore-morphology  and  chemistry.
Apart  from  in one  extremely  well  connected  sample,  the  size  distribution  of  residual  ganglia  larger  than
105 voxel3 obey  power  law  distributions  with exponents  broadly  consistent  with percolation  theory  over
two  orders  of magnitude.  This  work  shows  that  residual  trapping  can  be  used  to  locally  immobilise  CO2
pes.
©in  a  wide  range  of  rock  ty
. Introduction
Carbon capture and storage (CCS) is the process where CO2
s captured from large point sources and stored, normally in
orous rock, displacing resident brine, oil or gas, such that the CO2
emains underground for hundreds to thousands of years. The four
rincipal mechanisms available to immobilise CO2 on these time
cales are stratigraphic, solubility, mineral and residual trapping.
tratigraphic trapping is where CO2 is immobilised underneath
mpermeable boundary rocks; solubility trapping is where CO2 dis-
olves into the brine surrounding the CO2 plume (Ennis-King and
aterson, 2002); mineral trapping is where solid carbonate mineral
hases are precipitated into the pore-space of the rock (Lin et al.,
007); and residual or capillary trapping is where CO2 is held by sur-
ace forces as tiny droplets (ganglia) in the pore-space of the rock.
his is the only rapid mechanism that occurs when water invades
he pore-space after the injection of CO2 – it can occur either natu-
ally, by the migration of the CO2 plume, or can be induced by the
njection of chase brines (Qi et al., 2009).
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Carbonate and sandstone saline aquifers represent important
potential storage sites for CO2 due to their large capacities and
wide geographical spread. In these aquifers the injected CO2 would
reside as a dense super critical phase (scCO2), increasing storage
capacities. Aquifers are, however, associated with uncertainties in
storage security due to potential seismic instability and leakage
through abandoned wells. Also the seal integrity is less certain
than for depleted oil and gas reservoirs, where effective seals have
already been proven (Hawkes et al., 2005; IPCC, 2007; Lackner,
2003). In these situations trapping methods other than simple
stratigraphic trapping become extremely attractive, particularly
residual trapping over the short to medium term (Bachu, 2008).
Therefore, it is of great importance to ﬁnd the saturation of scCO2
from capillary trapping in natural rock, as well as its distribution
in the pore space, since this controls the longer-term processes,
dissolution and mineralisation.
X-ray microtomography (CT) has developed as a technique
over the last 25 years from early attempts to visualise both dry
geological samples (Flannery et al., 1987) and multiple ﬂuid phases
(Jatsi et al., 1993) to the primary method for the non-invasive
imaging of rock cores, both for modelling purposes and for exper-
imental implementation (Blunt et al., 2013; Cnudde and Boone,
2013; Wildenschild and Sheppard, 2013). One  great advantage of
this technique is that it has the potential, as recognised in the earli-
Open access under the  license.CC BYest work on micro-tomography by Flannery et al. (1987), “to study
contained systems under conditions of temperature, pressure, and
environment representative of process conditions”. This is very
attractive for the examination of the scCO2–brine–rock system,
se.
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Big. 1. Experimental apparatus. (A) The pumps used to control ﬂow and the sittin
pparatus and the sitting of the core assembly. (C) Detail of the core assembly show
iton  sleeve.
s the multi-phase ﬂow behaviour of scCO2 is highly depend-
nt on thermo-physical properties, such as interfacial tension and
ontact angle, which are in turn a strong function of system con-
itions such as temperature, pressure and salinity (Espinoza and
antamarina, 2010; Li et al., 2012; Spiteri et al., 2008). The con-
olution of these variables with differences in rock structure and
hemistry means that experiments in idealised pore structures
Chaudhary et al., 2013) and using analogue ﬂuids (Karpyn et al.,
010; Wildenschild et al., 2011) may  not be applicable to ﬂow
rocesses in the subsurface. Imaging multiple ﬂuids at conditions
epresentative of prospective CO2 injection aquifer formations has,
owever, remained a challenge (Silin et al., 2011), with to date only
hree studies imaging real rocks under such conditions (Andrew
t al., 2013a,b; Iglauer et al., 2011), and one study imaging sim-
liﬁed systems of bead packs and crushed glass (Chaudhary et al.,
013).
In our previous work (Andrew et al., 2013a,b) we have estab-
ished a method to visualise scCO2 and brine distributions within
he pore space of Ketton limestone under reservoir conditions.
oreover, we demonstrated that at conditions of chemical equilib-
ium between ﬂuid and rock phases, signiﬁcant amounts of scCO2
an be trapped by capillary forces. In this work, we expand on the
esults for a single carbonate and sandstone rock sample shown in
Andrew et al., 2013b), conducting high pressure – elevated tem-
erature experiments to examine a wide suite of carbonate and
andstone rock types with different pore architectures. Further-
ore, we compare images of multi-phase ﬂow at in situ conditions
o detailed topological analyses of the pore space to provide new
nsights into the relative importance of pore structure and miner-
logy on the trapping process.
. Methodology
.1. Apparatus and sample preparationThe experimental apparatus is shown in Fig. 1. The imaging
as performed using a Versa XRM-500 X-Ray Microscope (Zeiss
-Ray Microscopy, Pleasanton, CA, USA). The experiments were
able 1
asic details about each rock type.
Sample Rock type Geological group 
Ketton Carbonate Upper Lincolnshire Limestone Mem
Mount  Gambier Carbonate Heytesbury Group 
Estaillades Carbonate Estaillade Formation 
Bentheimer Sandstone Bentheim Sandstone Member 
Doddington Sandstone Fell Sandstone Formation he ﬂow cell within the CT enclosure. (B) The detail of the ﬂow cell and heating
triple wrap of aluminium around the core to prevent diffusive exchange across the
conducted on ﬁve different quarry samples; two  sandstones (Ben-
theimer and Doddington), and three carbonates (Ketton, Mount
Gambier and Estaillades). Details about each rock are provided in
Table 1, while physical and chemical properties are given in Table 2.
The samples were drilled into cylindrical cores 6.5 mm in diam-
eter and 30 mm to 50 mm in length. These cores were then placed
within a ﬂuoro-polymer elastomer (Viton) sleeve, which was
attached to metal ﬁttings connecting the core to the pore-ﬂuid ﬂow
lines. This assembly was  then placed within a high-temperature
high-pressure Hassler type ﬂow cell (Fig. 1B). To prevent diffusive
scCO2 exchange across the elastomer sleeve, the core assembly was
wrapped three times in aluminium foil, once between the core and
the sleeve, once between Viton sleeve and the thermocouple, and
once on the outside of the thermocouple (Fig. 1C).
The challenge in imaging multiple phases at elevated pressures
and temperatures is how to maintain such extreme conditions in a
vessel both small enough to ﬁt inside the CT scanner with a large
amount of geometric magniﬁcation, while being sufﬁciently X-ray
transparent to allow for effective imaging. The solution to this lies
in the central section of the core-holder, which is constructed of
M55  carbon ﬁbre. This is capable of maximum working pressures
of 50 MPa  with a vessel wall thickness of 1 mm,  making it virtually
transparent to X-rays. Sample stability during scanning is critical
to the production of high quality images, as sample motion will
cause blurring during the reconstruction process. The core-holder
was clamped to the sample stage using a custom designed clamping
system and attached to the rest of the ﬂow apparatus using 1.59 mm
diameter polyether ether ketone (PEEK) tubing (Kinesis, St. Neots,
UK, Part Number: 1560xL). These ﬂow lines were ﬂexible, providing
very little lateral load to the core-holder during image acquisition,
which would cause sample motion.
Temperature in the ﬂow-cell was maintained using an external
Kapton insulated ﬂexible heater (Omega Engineering, Manchester,
UK, Model KH Series) connected to a custom built PID controller
and thermocouple sitting in the conﬁning annulus of the cell
(Omega Engineering, Manchester, UK, Model: LMTSS-IM025U-300)
between the second and third aluminium core wraps (Fig. 1C). By
sitting the thermocouple on the exterior of the conﬁning sleeve
Place of origin Age/million years
ber Ketton, Rutland, UK 169–176
Mount Gambier, Australia 15–38
Oppède, France 22
Bad Bentheim, Germany 133–140
Doddington, Northumberland, UK 343–339
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Table  2
Basic petrophysical properties and chemical composition of each rock type. Chemical composition was found using X-ray diffraction.
Sample Helium porosity Permeability (m2) % Calcite % Quartz % Feldspar % Clay
Ketton 0.2337a 2.807 × 10−12a 99.1a 0.9a 0a 0a
Mount Gambier 0.552a 6.676 × 10−12a 100b 0b 0b 0b
Estaillades 0.295a 1.490 × 10−13a 97.9a 2.1a 0a 0a
Bentheimer 0.20c 1.875 × 10−12c 0b 95b 4b 1b
Doddington 0.192a 1.038 × 10−12a 0.2a 93.6a 1.7a 4.5a
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as one phase and the brine and the rock treated as the other phase.a Analysis conducted at Weatherford Laboratories (East Grinsted, UK).
b Analysis conducted at the Natural History Museum (London, UK).
c Analysis conducted at Imperial College (London, UK).
ight next to the core we obtain an accurate, reliable and stable
eading of the pore-ﬂuid temperature. The temperature was  set at
0 ◦C and was seen to be constant to ±1 ◦C throughout the experi-
ent. The salinity of the brine (7 wt% Potassium Iodide (KI)) was
epresentative of aquifer salinities. KI was used as an ionic salt
s it has a high atomic weight causing a high X-ray attenuation
oefﬁcient, allowing for it to be used as a contrast agent. The con-
entration was tuned so that the bulk attenuation coefﬁcient of the
rine was roughly intermediate between the rock and the scCO2,
asing the image segmentation process.
When scCO2 is injected into a saline carbonate aquifer it will dis-
olve in the resident brine, forming highly reactive carbonic acid,
hich will in turn start to dissolve any calcite present. In order
o remove reaction from the effects of multi-phase ﬂow on resid-
al saturation and ganglion dynamics, these processes have to be
egated through creating equilibrium conditions representative of
hose far from the aquifer injection site. The brine was therefore
re-equilibrated with scCO2 by vigorously mixing the two  ﬂuids
ogether with small particles of the host rock using an entrainment
tirrer in a heated reactor (Parr Instruments Co., IL, USA). For exper-
ments on the two sandstone samples only the two  ﬂuid phases
ere mixed together.
High pressure syringe pumps were used to maintain pressure
nd control ﬂow in the pore-space of the rock and in the reactor
Teledyne Isco, Lincoln, NE, USE, Model: 1000D), with a displace-
ent resolution of 25.4 nl.
.2. Injection strategy
Fluids were injected under conditions analogous to the
unsteady state” conditions used in larger scale core-ﬂood experi-
ents. Each experiment would consist of the following steps:
1) The pressure and temperature in the reactor was raised to that
desired for the pore ﬂuid during the experiment (50 ◦C and
10 MPa), and was vigorously mixed.
2) A conﬁning pressure of 11 MPa  was established within the cell,
compressing the Viton sleeve around the core and the metal
end-caps, preventing any ﬂuid bypass.
3) The pore space was ﬁlled with KI doped brine that had not been
equilibrated with scCO2. The temperature and pressure of the
core was then raised to those within the reactor.
4) More than 1000 pore volumes of equilibrated brine were
ﬂushed through the core to miscibly displace the un-
equilibrated brine, ensuring 100% initial brine saturation and
create conditions in the core akin to the subsurface conditions
in an aquifer at a point slightly ahead of the front of a scCO2
plume.
5) 1 ml  (around 10 pore volumes) of scCO2 was passed through the
core at very low ﬂow rates (1.67 × 10−9 m3/s), ensuring a low
capillary number of around 10−6. 2D projections were contin-
ually taken in order to observe the point when scCO2 displaces
brine in the pore space.(6) 1 ml  (around 10 pore volumes) of equilibrated brine was  passed
though the core at the same low ﬂow rate, causing scCO2 to
become trapped as a residual phase in the pore-space.
After step 5 or 6 scans were taken of the core to image either
drainage or imbibition. For each rock type one experiment was run
to image the initial saturation after drainage and ﬁve were run
to image the residual saturation after imbibition. The initial non-
wetting phase saturation was  therefore only measured once, and
was assumed to be the same for each experimental run in which
imbibition was examined. This assumption was  conﬁrmed visually
during each of the ﬁve experiments examining imbibition by com-
paring 2D projections taken during the drainage step (step 5) to
those taken during the drainage step during the experiment where
initial saturation was imaged. Only one rock core was used for each
rock type in order to minimise confounding effects of structural
heterogeneity within a single rock type.
2.3. Image acquisition
3D images were reconstructed using proprietary software on
the Versa system. The voxel size (6.6 m)  was chosen so that the
entire diameter of the core would ﬁt into the ﬁeld of view. To
scan the entire length of the core while retaining a small voxel
size, composite volumes were constructed by stitching together
ﬁve overlapping sections, acquired sequentially. Each individual
section consisted of around 10003 voxels. The stitching was done
using software proprietary to the Versa XRM-500 system. Each
section was  reconstructed from a set of 400 projections, tak-
ing 15–20 min  to acquire, meaning an entire composite volume
took around 90 min. The image was then cropped to a cuboidal
volume of around 900 × 900 × 3300 voxels resulting in the image
size of approximately 6 × 6 × 22 mm;  the quantitative analysis was
restricted to this volume.
The dry scans were of 6 mm diameter cores that were drilled
adjacent to the cores examined during wet  scanning in order to
minimise the effect of structural heterogeneity. They were then
mounted on a kinematic stage and were single volumes recon-
structed from a set of 1600 projections. They were processed and
segmented using the same techniques as the wet scans, although
the voxel sizes – between 6.2 and 3.9 m – were smaller. To
facilitate comparison between dry and wet  scanning dry scanning
results were reported in units equal in volume to the wet scanning
voxel size (6.6 m).
2.4. Image processing
After acquisition, the images were ﬁltered using a non-local
means edge preserving ﬁlter (Buades et al., 2005, 2008). The images
were then segmented into two phases, with the scCO2 being treatedThis was  done as the segmentation of images containing a par-
tial saturation of multiple ﬂuids is signiﬁcantly more difﬁcult than
the segmentation of dry images (Sheppard et al., 2004). As simple
4 M. Andrew et al. / International Journal of Greenhouse Gas Control 22 (2014) 1–14
Fig. 2. The segmentation of a wet image consisted of ﬁve steps, shown here for Bentheimer sandstone. (A and B) The image was ﬁltered using a non-local means edge
preserving ﬁlter (Buades et al., 2005, 2008). (B and C) The image was cropped so only the core was  in the ﬁeld of view. (C and D) A seed was generated using 2D histogram
( he da
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BJones et al., 2007). The red areas correspond to the scCO2 portion of the seed and t
ight  blue area corresponds to the area of the scan outside the core. (D and E) Each 
rey-scale segmentation is insufﬁcient, segmentation using a
atershed algorithm computed off a seed generated using a 2D his-
ogram was performed (Jones et al., 2007). This eliminated much
f the arbitrary voxel misidentiﬁcation associated with simple his-
ogram based segmentation. This image processing work ﬂow is
hown for Bentheimer in Fig. 2.
The segmented image was then analysed in 3D in order to iden-
ify and measure the volume of each unique disconnected ganglion,
hich was then labelled, as shown in Figs. 3–7. All this process
as conducted within the Avizo Fire 8.0 (Visual Sciences Group,
urlington, MA,  USA) and imageJ programs.rk blue areas to brine and grain, which are grouped together as a single phase. The
outside the seeded areas was  assigned to a phase using a watershed algorithm.
The apparent porosity as evaluated from the dry CT images
is shown in Table 3. For Bentheimer, Doddington and Mt  Gambier
this is similar to that obtained using helium porosimetry (Table 2);
however for Estaillades and Ketton the apparent porosity is signif-
icantly smaller. This is due to the presence, in these rock types, of
signiﬁcant sub-resolution microporosity. These pores are apparent
on mercury injection analysis performed separately and have high
capillary entry pressures (>0.1 MPa) compared to the maximum
possible capillary pressures generated during these experiments
(<0.01 MPa), so are assumed to remain saturated with brine for the
duration of the experiment.
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Fig. 3. Images of Bentheimer after drainage and imbibition. (A) A 3D rendering of the core after drainage where each non-wetting phase cluster is given a different colour.
(B–F)  A 3D rendering of the core after imbibition coloured as described for (A). The large range of colours indicates a poorly connected residual phase. (G) A cross-section of
the  core after drainage. (H) A cross-section of the core after imbibition.
6 M. Andrew et al. / International Journal of Greenhouse Gas Control 22 (2014) 1–14
Fig. 4. Image of Doddington after drainage and imbibition. (A) A 3D rendering of the core after drainage where each non-wetting phase cluster is given a different colour.
(B–F)  A 3D rendering of the core after imbibition coloured as described for (A). The large range of colours indicates a poorly connected residual phase. (G) A cross-section of
the  core after drainage. (H) A cross-section of the core after imbibition.
M. Andrew et al. / International Journal of Greenhouse Gas Control 22 (2014) 1–14 7
Fig. 5. Image of Estaillades after drainage and imbibition. (A) A 3D rendering of the core after drainage where each non-wetting phase cluster is given a different colour.
(B–F)  A 3D rendering of the core after imbibition coloured as described for (A). The large range of colours indicates a poorly connected residual phase. (G) A cross-section of
the  core after drainage. (H) A cross-section of the core after imbibition.
8 M. Andrew et al. / International Journal of Greenhouse Gas Control 22 (2014) 1–14
Fig. 6. Image of Ketton after drainage and imbibition. (A) A 3D rendering of the core after drainage where each non-wetting phase cluster is given a different colour. (B–F) A
3D  rendering of the core after imbibition coloured as described for (A). The large range of colours indicates a poorly connected residual phase. (G) A cross-section of the core
after  drainage. (H) A cross-section of the core after imbibition.
M. Andrew et al. / International Journal of Greenhouse Gas Control 22 (2014) 1–14 9
Fig. 7. Image of Mount Gambier after drainage and imbibition. (A) A 3D rendering of the core after drainage where each non-wetting phase cluster is given a different colour.
(B–F)  A 3D rendering of the core after imbibition coloured as described for (A). The large range of colours indicates a poorly connected residual phase. (G) A cross-section of
the  core after drainage. (H) A cross-section of the core after imbibition.
10 M. Andrew et al. / International Journal of Greenhouse Gas Control 22 (2014) 1–14
Table  3
Summary of the results of dry scanning and network extraction.
Sample Voxel size (m) Apparent porosity Helium porosity Modal pore
size (voxel3)
Pore-volume weighted
connectivity
Bentheimer 6.16 0.221 0.20a 413 6.92
Doddington 5.39 0.198 0.192b 577 5.68
Estaillades 4.60 0.097 0.295b 234 5.17
Ketton 4.44 0.129 0.2337b 1756 5.30
Mt  Gambier 3.93 0.517 0.552b 1072 20.71
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b Measured at Weatherford Laboratories (East Grinsted, UK).
Pore networks were extracted from the dry scans by using a
opological analysis of the pore space in which the largest voids are
dentiﬁed as pores by the method of maximal inscribed spheres
Dong and Blunt, 2009). Modal pore volumes were then found
rom this distribution by ﬁtting a Gaussian distribution to the nat-
ral logarithm of the pore size distribution, as shown in Fig. 8.
he pore-volume weighted connectivity for each sample was  calcu-
ated by weighting the coordination number of a pore (the number
f other pores connected to it) with its volume, then calculating
n overall average. This was  used as a metric of the connectivity of
he pore space, as straight statistical averaging hides the impact of
ery large, very well connected pores to the overall connectivity.
t corresponds to the average connectivity of a hypothetical volu-
etric element within the network model (Table 3). It can be seen
rom this analysis that Mount Gambier is much better connected
han the other samples, as we might expect for a rock with such
n extremely high porosity and permeability. The other two car-
onates (Estaillades and Ketton) were slightly less connected than
he two sandstones; Bentheimer was better connected than Dod-
ington. These differences are much smaller, however, than that
etween Mount Gambier and all other samples. These results are
ummarised in Table 3.
. Results and discussion
The segmented wet images were analysed by counting the num-
er of voxels of residually trapped scCO2 to ﬁnd the proportion of
he rock volume occupied by trapped scCO2 – the capillary trapp-
ng capacity. This can then be converted to a residual saturation
Sr) by dividing this value by the porosity as obtained using helium
orosimetry. In all rock types, signiﬁcant proportions of scCO2 were
rapped as a residual phase. Sandstones tended to have higher
esidual saturations than carbonates, and higher capillary trapp-
ng capacities. The exception to this trend was Mt  Gambier, which
ig. 8. Pore size distributions for each rock type. Each binned distribution was  ﬁtted
sing a logarithmic Gaussian distribution in order to ﬁnd modal pore sizes (Table 3)
hich would be used as a lower cut-off for the ganglia size distributions. The pore
ize units are the same as used in Fig. 9.had an extremely high capillary trapping capacity, yet a rather low
residual saturation due to the extremely high porosity and connec-
tivity of this sample.
The residual saturation in Ketton (0.203 ± 0.013; see Table 4)
agrees with that found in previous CT studies (0.19 ± 0.03)
(Andrew et al., 2013a) using similar experimental apparatus. Larger
core-scale studies of residual trapping in this rock type showed
a lower residual saturation of 0.137 ± 0.012 (El-Maghraby, 2013;
El-Maghraby and Blunt, 2013). Data was  not available for direct
comparison with the other samples; however, the behaviour of
scCO2 and brine has been studied in Berea, a consolidated sand-
stone similar to Doddington and Bentheimer. A residual saturation
of 0.25 was found at the core scale (Pentland et al., 2011), and
0.249 at the pore scale (Iglauer et al., 2011). This compares to
0.320 ± 0.010 in Bentheimer and 0.33 ± 0.04 in Doddington in this
study.
The variation of residual saturation between carbonates (with
an average of 0.19) and sandstones (with an average of 0.325) can
be explained by variations in the initial saturation (Si), variations in
the porosity and variations in the ratio of microporosity to macro-
porosity of each sample. If, instead, we look at the efﬁciency of
trapping (the fraction of the initial scCO2 which is trapped in place
after waterﬂood; Sr/Si) then we  ﬁnd much less variation (0.65–0.71)
over the rock types. The sandstones showed a slightly larger capil-
lary trapping efﬁciency (with Doddington and Bentheimer showing
efﬁciencies of 0.681 and 0.706 respectively) to the carbonates (with
Mount Gambier, Estaillades and Ketton showing efﬁciencies of
0.662, 0.646 and 0.653 respectively). This compares to a capillary
trapping efﬁciency of 0.50 seen in larger core-scale experiments
in Berea sandstone (Pentland et al., 2011). Traditional trapping
models, such as Land’s model, relate Sr to Si and the maximum
non-wetting phase saturation (Si,max) and the trapping seen at that
saturation (Sr,max) (Land, 1968). In the Land model the efﬁciency of
trapping can be expressed as:
Sr
Si
= 1
1 + CSi
(1)
where C is the Land coefﬁcient, deﬁned as:
C = 1
Sr,max
− 1
Si,max
(2)
Our Si varies by roughly factor of 2 (with Si ranging from 0.238
for Estaillades to 0.488 for Doddington) and, although the Land
coefﬁcient for the same ﬂuid system can vary signiﬁcantly across
rocks of different permeability (Spiteri and Juanes, 2006); we  do not
see much difference in trapping efﬁciency in our experiments. The
micro-ﬂow cell seems to show more trapping than seen in larger
scale experiments, possibly due to the limited ﬂow domain pre-
venting displacement of some scCO2 that would be mobile in a
larger system.The ingress of brine into a scCO2 saturated core is an imbibition
process where a wetting ﬂuid (brine) invades each pore, displacing
non wetting ﬂuid (scCO2). In a strongly water-wet rock we  expect
the water to ﬁll areas of the pore space in order of size (Roof,
M. Andrew et al. / International Journal of Gr
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1970), trapping disconnected ganglia in the process called snap-
off. This process should be percolation like (Dias and Wilkinson,
1986) so predictions can be made about the size distribution of
the isolated clusters. The number n of clusters of volume s (mea-
sured in voxels) should scale as n(s) ∼ s− , where  is the Fisher
exponent (Fisher, 1967). Network modelling has shown that in
three-dimensional cubic regular lattices the value of this exponent
is around  = 2.189 (Lorenz and Ziff, 1998). This scaling exponent
is useful when assessing storage security, as the higher the value
of the exponent the higher the ratio of small ganglia to large gan-
glia. This increases storage security as small ganglia are less easy
to mobilise by viscous or gravitational forces; they also present a
relatively larger surface area for dissolution and reaction.
In real systems the distribution of ganglia sizes will be affected
by two  other effects; clusters can be neither smaller than a sin-
gle pore, nor larger than the system size. The modal pore size, as
found by the topological analysis of the pore space (Fig. 8) was for
each sample between 2 × 102 voxel3 and 2 × 103 voxel3. As a result
103 voxel3 was used as a lower cut-off for ganglion size. Lowering
the effect of the upper cut-off by increasing system size was  the
motivation behind examining stitched volumes of multiple scans.
One way to assess the effect of the system size on overall
behaviour (or how close one is to the representative elementary
volume, or REV, deﬁned as the minimum volume for which a vol-
ume increase does not change system behaviour) is to look at the
contribution that the largest unique ganglion makes to the overall
residual saturation. If the total trapped volume is an order of magni-
tude or more larger than the largest single ganglion, we can be fairly
conﬁdent that all ganglia are statistically well represented and the
system size (approximately the same for each rock type) is above
the REV. This is the case for all rock types apart from Mount Gambier
(Table 4), where the extremely high porosity and connectivity of
the pore-space (as discussed above) prevents complete trapping for
small blobs and encourages the formation of extremely large gan-
glia. In this case 26% of the total residual scCO2 resides in the largest
single ganglion, contributing 0.055 ± 0.003 to the residual satura-
tion. These results are different to ﬁndings for trapping in a bead
pack for an oil–brine–rock system (Georgiadis et al., 2011), where
the contribution of the largest ganglion was much more signiﬁ-
cant, underlining the importance of experiments at representative
pressures and temperatures when assessing problems pertaining
to scCO2 storage.
The impact of system size, however, can never be totally ruled
out, at least in the direction perpendicular to ﬂow. The largest gan-
glia may  therefore still be constrained both by this effect and by
potential capillary end effects.
One natural way of extracting the Fisher exponent from real data
is to plot the binned quantity, as deﬁned by Dias and Wilkinson
(1986).
Ns =
2s−1∑
s′=s
ns (3)
which should scale as:
Ns∼s−(−1) (4)
This is then plotted on a log–log plot as a function of s (Fig. 9),
showing power-law behaviour for large ganglia, but an under-
representation of smaller ganglia compared to the power law
model. All the experiments for each rock type were put into a single
graph. The exponents were then calculated by excluding ganglia
smaller than 105 voxels (approximately the start of the power-
law behaviour) and performing Levenberg–Marquardt regression
(Levenberg, 1944; Marquardt, 1963) using a least absolute residual
robust ﬁtting algorithm (Holland and Welsch, 1977; Huber, 1981).
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phase bypass and snap-off to strand regions of the CO2 completely.
The other carbonates have a slightly higher apparent Fisher expo-
nent than the sandstones. This could, in turn, be explained byig. 9. Ganglia size distribution (Ns), Eq. (1), for all rock types. (A) Bentheimer, (B) D
lotted  together. Red data points are excluded from the percolation analysis.
his was performed using a commercial software package (MATLAB
2013a, The MathWorks Inc., Natick, MA,  2013).
The under-representation of smaller ganglia in all sample types
ay  be explained by the fact that the scCO2–brine–rock system is
ot strongly water-wet (Espinoza and Santamarina, 2010; Jung and
an, 2008; Kim et al., 2012; Yang et al., 2008). This means that the
xact nature of local pore ﬁlling and trapping may not be strictly
ercolation like, as cooperative pore ﬁlling or piston-like displace-
ent may  become more or less important compared to snap-off
Valvatne and Blunt, 2004). Larger (above 105 voxel3) ganglia, how-
ver, see the system as a whole, averaging out local heterogeneity
n the pore ﬁlling mechanism, so at this scale the trapping can only
e fundamentally controlled by the hierarchy of pore sizes, and so
he behaviour is percolation like. These results are summarised in
able 4.
For all samples other than Mount Gambier, the calculated expo-
ent fell in the range between 2.1 and 2.3, close to the theoretical
alue in three dimensions of 2.189. Mount Gambier had a signif-
cantly smaller Fisher exponent (1.83) which may  be due to the
xtremely high connectivity of the pore space. This may  lead to
n inhibition of snap-off that disconnects the non-wetting phase,
s piston like displacements or cooperative ﬁlling may  come to
ominate in these unusual pore geometries. During the dynamic
mbibition process non-wetting ganglia in this pore-space will begton, (C) Estaillades, (D) Ketton, and (E) Mount Gambier. (F) Shows the ﬁt lines all
substantially better connected, making it more difﬁcult for wettingFig. 10. The correlation of pore-volume weighted connectivity with Fisher expo-
nent.
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heir slightly lower coordination numbers, as a greater propor-
ion of the scCO2 will reside in poorly connected portions of the
ore space, which inhibit piston-like displacement compared to
nap-off. Indeed there seems to be a general negative correlation
etween the pore-space connectivity and the ﬁtted Fisher exponent
Fig. 10). The trapping efﬁciency of each rock type (Sr/Si) is, how-
ver, similar – in the range 0.65–0.71 – meaning that the overall
rapping behaviour appears to be fairly insensitive to pore struc-
ure.
More generally these results conﬁrm conclusions in larger
ore-ﬂood experiments (Akbarabadi and Piri, 2013; El-Maghraby,
013; El-Maghraby and Blunt, 2013; Pentland et al., 2011) that
cCO2 acts as the non-wetting phase in carbonates and sandstones,
hile brine acts as the wetting phase. It also shows that in the
cCO2–brine–rock system differences in rock chemistry (at least
nder conditions of chemical equilibrium) matter less to the overall
anglion dynamics than differences in pore structure and connec-
ivity. Signiﬁcant residual saturations were observed in all samples,
ith two-thirds of the initial saturation trapped in all cases, indi-
ating that residual trapping is a viable local trapping mechanism
n a wide range of rock types.
. Conclusions
We  have non-invasively imaged multiple ﬂuid phases (scCO2
nd brine) at high resolution (voxel size 6.6 m)  at pressures
nd temperatures representative of prospective subsurface storage
ites in the pore-space of a suite of carbonate and sandstone rocks.
n all cases, after brine injection signiﬁcant proportions of the scCO2
ere trapped as a residual phase in clusters with sizes ranging over
ve orders of magnitude. In each case clusters larger than around
05 voxel3 obeyed power law distributions consistent with perco-
ation theory. Well-connected pore-spaces tended to have more
arge clusters relative to small clusters, and vice versa. The chemi-
al composition of the rock had, however, comparatively little effect
n the size distribution. This is encouraging for CCS, indicating that
esidual trapping can contribute to storage security for a wide range
f rock types and compositions.
This experimental technique is easily applicable to other sys-
ems, and future work could study, at the pore scale, a wide variety
f single phase and multiphase ﬂow problems at conditions repre-
entative of subsurface aquifers, oil and gas ﬁelds and other deep
eological systems.
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